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Anomalous radar returns seen on ionograms following ionospheric barium
releases are analyzed to determine their origin and their interpretation.
Two types of echoes are identified; one type originates iron the barium
cloud and the other type from layers formed by the descent of barium ions
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of the explanations of the origin and reflection mechanisms proposed for
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releases were also reviewed to supplement the STRESS data base . The findings
indicate that reflection from an overdense layer or target is not the cause of
the barium—associated returns . Thus , the maximum frequencies of the returns
cannot be interpreted as a maximum plasma frequency. Gradient reflection and
scatter from weak or strong irregularities are both plausible mechanisms for
both types of echoes. The characteristics of the E—region returns and their
likely cause (compression due to wind shear) suggest that these layers are
thin with sharp boundaries and a rough underside .
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I INTRODUCTION

A. Genera l

This report describes the results obtained from operation of an

ionosonde during the Pre-STRESS and STRESS experiments conducted at

Eglin , Florida during the winter and spring of 1976/1977. The analysis

is directed at interpretation of anomalou s returns seen on ionograms

obtained after each barium release. These returns are shown to originate

from the barium ion cloud and from layers created from barium ions

migrating to the E-region .

The nature of radio waves reflected or scattered from barium layers

is examined in li ght  of  s p o r a d i c - E  t heo r i e s  and e xp e r i m en t a l  r e s u l t s .
In a d d i t i on , m e c h a n i s m s  proposed f o r  t h e  g e n e r a t i o n  of spor~i d i c - E  l a y e r s

are  assessed  to d e t e r m i n e  t h e i r  a pp l i c a b i l i t y  to b a r i u m  l ay e r s .

B. Background

On 1 December  1976 and durin g F e b r u a ry  and March  1977 , si x iono-

spher ic  ba r ium re l eases  w e r e  mad e , each on one of s i x  late afternoons or

even ings  nea r E g l i n  A FB , F l o r i d a . The releases were made fo r  the  purpose

of g e n e r a t i n g  a r eg ion  of s t r u c t u r e d  io n i z a t i o n  t h a t  would  occ lude  t rans-

mi s s ions  be tween  an a i r c r a f t  and a synchronous  s a t e l l i t e. These experi-
ments , sponsored by the  D e f e n s e  N u c l e a r  Agency  (DNA ) in coope ra t i on  w i t h

the  A i r  Force E l e c t r o n i c s  Sy s t e m  D i v i s i o n  (ESD) and t h e  A i r  Force  A v i o n i c s

L a b o r a t o r y  (AFAL) , were  c o n d u c t e d  to  e v a l u at e  s a t e l l i t e  c ommunicat ion

links under conditions that simulate many aspects of a post-r iuclear-burs .

environment .

An integra l part of the experiment was the FPS-85 radar operating in

an incoherent-scatter mode. This instrument was tasked to track the ion

clo ud (in order to properl y position the aircraft with respect to the

satellite and ~on cloud) and to provide diagnostic information on electron

densities within the cloud.
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In suppor t of the FPS-85 radar , SRI operated a vertichirp ionosonde

to provide f F2 measurements for calibration of the FPS-85 radar . Add i-
0

tiona l objectives of the vertichirp radar were to obtain electron density

pro files of the back groun d ionosphere (used to c a l c u l a t e  ambient  Pedersen

c o n d u c t i v i t i e s  for  the s ix  ba r ium r e l e a s e s ) ,  and to serve  as a r e a l - t i m e

moni tor  of t he  s t a t e  of the  ionosp h e r e .  U n f o r t u n a t e l y ,  v i r t u a l ly no

ionospheric data were obtained below 200 km , so it has not been possible

to c a l c u l a t e  the  des i red  c o n d u c t i v i t i e s .

I t  is not  known wh y ion o s p he r i c  r e t u r n s , wh ich  would  n o r m a l l y orgi-

na te  from the  E- reg ion  in the late afternoon or evening, are absent below

200 km. However , a number of possible reasons can be cited: (1) In the

even ings  the  noise  back ground was  f a i r l y h ig h between the  lower-frequency

l imi t of the  sounder  and abou t 1 or 2 ~ 1z , thus  o b s c u r i n g  any ionospher ic

r e tu rn s  tha t might  have  ex i s t ed  in t h i s  f r e q u e n cy  range ; (2)  a l t h o u g h  the

lower-frequency limit of the  v e r t i c h i r p  was  0 .5 MHz , on most inograms the

actual limit appeared to be about 2 MHz ; (3) the sensitivity of the verti—

chirp at low frequencies was poor; and/or (4) E-layer critical frequencies

were below the lower limi t of the sys tem .

This lack of ionospheric return s below 200 km also occurred during

SECEDE II and HAPREX , which r equ i r ed  assuming  a dens i t\ ’  model  for t h a t

region in order  to  g e n e r a t e  Pedersen  c o n d u c t i v it i e s . This  exerc i se  was

not repeated he re  because  a c t u a l  E -r e g ion da ta  can be obta ined  f rom the

FPS-85 radar or the rocket probe measurements. In addition , since the

conjugate ionosphere is believed to p lay at least as important a role in

cloud dynamics  as does the  s u n l i t  ionosphere , i t  made l i t t l e  sense to

calculate conductivities from an E-region model when no conjugate measure-

ments were made.

In terms of its primary objective--obtaining f F 2  values for the

FPS-85 radar--the vertichirp operated successfull y on all six Pre-STRESS

and STRESS relea ses , On BETTY equi pmental problems caused a loss of data

shortl y after release (0002 UT) until the problem was corrected at

0100 UT). Good da ta , how ever , were obta ined prior to the vertichirp

outage and after 0100 UT.

6
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A somewhat unexpected bonus of the vertichirp operation was the

o b s e r v a t i o n  of i n t e n se  and p e r s i s t e n t  E- and F - r eg ion  r e t u r n s  tha t  a r e

believed to ori g i n a t e  f rom the  ba r ium ion c loud because  of t h e i r  occur-

rence in approximatel y the same time and range space as the cloud .

Table 1 summar izes  t he  ba r ium s i g n a t u r e s  seen on the  Pre-STRESS and

STRESS ionograms . Intense E- and F-reg ion echoes were observed on Event

FERN . The E-region echoes were particularl y strong, indicating returns

f rom f r e q u e n c i e s  as hi gh as 18 MH z . For the  o the r  t h r e e  r e l eases

(CAROLYN , DIANNE , and ESTHER) weak F-region t races  l a s t i n g  severa l

minu te s  were  observed . No ba r ium-assoc ia t ed  echoes were  observed for

Event  BETTY because  of an unt imel y equipment  f a i l u r e  du r ing  the per iod

when r e t u r n s  f rom the b a r i u m  cloud would have occur red .  When the  -verti-

chirp resumed operation LIt R + 68 mitt , a weak sporadic  layer  was observed

b e t w e e n  2 an d -~s ~fl1z . A l t h o u gh the  a s s o c i a t i o n  of t h i s  t r ace  wi th  the

b a r i u m  c loud  cannot  be ru l ed  out , we b e l i e v e  that t h i s  s i g n a t u r e  was not

related to the barium cloud because ionograms ors severa l n o n - r e l e a s e  days

had similar echoes at similar times . We feel , however , that had tu e

v er t ~~ch i r p  been ope ra t iona l throu ghou t the  t ime s of i n t e r e s t , F - r e g ion

returns from BETTY would have been observed .

A l t h o u g h  b a r i u m  echoes were a l so  observed d u r i n g  o ther  ba r ium re-

lease series (SECEDE II and III), th e STRESS results were particularl y

interesting for tile following reasons: (1) The returns for FERN showed

L I c l ea r  downward m i g r a t i o n  of the r e f l e c t i n g  l aye r , thus  i m p l y i n g  t h a t

Ba ions  moved down to the lower E-region; and (2) tile maximu m frequency

of the  E -r e g i o n  r e t u r n s  fo r  FERN was 18 MHz at R + 81 Gl~~~fl. The signifi-

cance of  t h e s e  r e s u l t s  is not  c l e a r  s i n c e  i t  is d i f f i c u l t  to accep t

critical frequencies this large at late times .

Prev ious  r e p o r t s  of b a r i u m - a s s o c i a t e d  r e t u r n s  on ion ograms (Oet~ el

and Chang,  1969 ; Simons , 197 1a , l971b;  Baender , 1971; Chang ,  l97 1) * for

the most pa r t  desc r ibed  the  obse rva t ions  but  made no a t t e m p t  to exp la in

the  n a t u r e  of the  r e f l e c t i n g  l aye r s  or the  s i g n i f i c a n c e  of the  r e t u r n s .

• ‘R e f e r e n c e s  are l i s t e d  at the  end of t h i s  repor t .
7
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Thus , the  q u e s t i o n s  r a i sed  concerning t h e  n a t u r e  of t he  r e f l e c t i n g  I a ’~- er s

( image  or Ba ions) and the  i n t e rp r e t a t i o n  of the critica l frequencies

have  not h i t h e r t o  been a d d r e s s e d .

This  repor t w i l l  be conce rned  pr i m a r i l y w i th  t h e  i n t e r p r e t a t i o n  of

t i le  b a r i u m — r e l a t e d  r e t u r n s  seen  on t i le  ionogr Ims . Of p a r t i c u la r i n t e r - s t

are  til e i n t e r p re t a t i o n  of t he  b a r i u m  r e t u r n s  i n  t e rms  of p edk d e n s i t i e s ,
the  o rig in  of t h e  apparen t b a r i u m — c l o u d — r e l a t e d  sp o r a d i c — F  echo~ s , and

t i le  p o s s i b l e  i n t e ra c t i o n  of t i l e  b a r i u m  c l o u d  w i t h  u n d e r l v i n R  l ay e r s .

S ince  t i le  b a r i u m  r e t u r n s  bear such  a c lose  r e s e mb l a n c e  to sp o i-ad i  c-E

r e t u r n s , Li r ev i e w  of the  l i t e r a t u r e  (Sec t  ion I I )  WaS conducted te  de te r -

mine  t he  r e l e v a n ce  of p r e v i o u s s~-ork  to  the p r e s e n t  studs ’ . I t  ~~is found

t ha t  t i le  m e c h a n i s m  b e l i e v e d  r e spon s  1 b le  fo r  D i d l a t  i t u d e  s p o r a d i c — F  (co rn —

pre ss i  on 01 met i 1 l i e  ions h’. h o r i on t L I  1 w i n d  she ,i is) p l ay s  a m aj o r  r o l e

in  cr~~L I t i n g  t h e  r e f l e c t i n g  Es  l ay e r s  seen on t h e  i O n o g r I r s . F u r t h e r - o r e ,

wind shear  USLSV have p loved a role in E v e n t  FE RN . In addition , t u e  n a t u r e

of s p o r ad i  c—F r e f  l e t  ion of r a d i o w a v e s  LI p p ear s  to  b e a p p l i ca b l e  to t i s e

Ba traces . T h e s e  re sii1ts ~~’ i ll  be discussed in S e c t i o n  I I I , w i t h t h e  con-

clusions follow ino in Section l\ .

To per il t C O.  dv L I  O C i ’ Ss  t o  t h e  I onos ph~~r i c a nd Isgiso t i c do to t i l L s  t

weie  co l l e c t e d  d u r i n g  the STRE SS p ro~:ran l , f—p lots and lonogi - Ims for eLic il

o tis e rol e s sos i r e  p r i s o n  t ed  i n  A p p e n d  i x A . A p p e n d i x  B on tLl i n s  LI h r  ie

discuss ion ol t h e  rnLs g n e t o m t e r  o p e r a t i o n  ond a su t1iVv of the resu l ts .
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II REVIEW OF MIDLATITUDE SPORADIC-E LITATURE

Sporadic-E is a term used to describe a distinctive trace on iono-

grams in the  90- to- l20-km he ig ht  reg ime . At m i d l a tit u d e  these  t races ,

cha rac terized by a relatively he ight-independent echo of a transient

nature , are normally quite distinct from the E-region returns . At times

the  max imum f r e q u e n c y  r e t u rned  f rom sporadic-E l aye r s  can be mu ch g rea te r

than  the  r e t u r n s f rom any of the  other  layers . Sometime s the  sp orad ic -E

layer is opaque and p a r t i a l ly or comp le te ly b lanke ts  a n y t h i n g  above i t .

On o ther  occasions the  upper  l ayers  appear  to be u n a f f e c t e d  by th e  under-

ly ing s p o r a d i c — E  l aye r .  R e t a r d a t i o n  near the  maximum f r e q u e n c y  of t he

Es t r a c e  is sometimes present , imp ly ing tha t  the  layer  is r e l a t i v e ly

th ick  w i t h  a wel l  d e f i n e d  peak electron density. On other occasions the

t race  is narrow and shows no r e t a r d a t i o n , s u g g e s t i n g  r e f l e c t i o n  from a

t h i n  l aye r  or from a sharp  boundary . Somet imes  mag n e t o ion i c  sp l i t t i n g

at  t he  l o w - f r e q u e n c y  end of the  t r ace  may be v i s i b l e ;  u s u a l l y  the re  is

none .

Attention herein is - rimaril y directed at midlatitude sporadic-E

because both its origin and reflection mechanism potentiall y app ly to

the interpretation of barium echoes. Two other categories of sporadic—E

exist--aurora l and equatorial . However , the physical phenomena generally

associated with these--aurora l particle preci pitation and scattering b~-

plasma waves in the electrojet , respectivel y--do not appear to be germane

to this discussion . These two type s will not be considered here .

S pora dic -E  h i s s  been s p o p u l ar  top ic  of research fo r  many years , and

h u n d r e d s  of t h e o r e t i c a l  and exper imen ta l papers  and r epor t s  currentl y

ex i s t .  There have  been numerou s seminars and conferences on tile subject ,

and th ree  have led to spec i a l  i s sues  of R a d i o  Science (March 1975; March

1972) ;  February  1966) being devoted  to til e papers  p resen ted . These i s sues ,

as well as a book edited by Smith and Matsushita (1962), a review by

Whi tehead (1970), and most recentl y a comprehensive report by Miller and

Smith (1976) serve as an ideal starting point for the uninitiated reader .

10
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The number  of different explanations and tiie or i .s Ott t i le o r i g i n ,

generation mechanism , and scattering mechanis m respoisi hi e for Es indi-

cates the comp lexity of the subject. In sp ite ot a ’l this inter est ,

however , many features of sporadic—E l ov e r s  remain unexp lained . It h a s

onl y been w i t h i n  til e las t  ten yea r s  tha t a t h e o ry  r e g a r d i n g  t i le  o r i g i n

of m i d l a t i t u d e  sporad ic -E  l ayers  has  gained genera l  a c c e p t a n c e . Thi s  is

the w i n d - s h e a r  theory o r i g i n a l ly proposed by Dun g ey  (1956 ; 1959) and

deve loped  b y Wiii tehea d (1961) , Ax f o r d  (1963) ,  and ~‘lacLeod (1966) . The

theor’.- is cons i s t en t  w i t h  many of the observed f e a t u r e s  of Es and is

now b e l i e v e d  to exp la in  at  l eas t  some of  the observed Es traces .

Til e w i n d — s h e a r  model con tends  t h a t  l o n g — l i v e d  m e t a l l i c  ions f rom

a b l a t i n g  m e t e o r s  or e  compressed i n t o  t h i n  l aye r s  by t u e  combined a c t i o n

of t u e  h o r i z o n t a l  n e u t r a l  w i n d  and the  geoma g n e t i c  f i e l d . S p e c i f i c a l ly ,

in the  lower E - r eg i o n , whe re  t he  i o n - n e u t r a l co l l i s ion  f r e q u e n cy  exceeds

the ion g y r o f re q u en c v , the  ions a re  e f f e c t i v e l y mov ed by the  neu t ra l

p a r t i c l e s . As t he  ions  mov e they  a r e  s u b j e c t  to a Lorentz  fo rce  t ha t

a c t s  p e r p e n d i c u la r  to both t u e  p r edominan t l y h o r i z o n t a l n e u t r a l  wind and

t he geomagne t i c  f i e l d . Thus , the  ions can a c q u i r e  a s i g n i f i c a n t  ve r t i ca l

component of mot ion  w h i l e  t u e  e l e c t r o n s  Lire  d ragged  a long  by the  polariza-

tion fields . Often large vertical shears exist in the neutral wind and

t he se  in t u r n  lead  to v e r t i c a l shear of the  ion mot ion . Tile r e s u l t i n g

convergence  and d i v e r g e n c e  of the  ion f low can produce  a ne t  f low of

i o n i zat i o n  in to  a reg ion  and thu s cause  an enhancement  of ion dens i t ’.-.

(C o r r e s p o n d i n g ly ,  however , when t he re  is a net  f l o w  out  of tile region

t h e r e is  LI dep letion of ion d e n s i t y . )  Because  metallic ions have a long

l i f e t i m e  in t u e  lower E- reg ion , the  d e n s i ty  of tile enhanced l ayers  w i l l

increase (or decrease) with time .

Other mechanisms--instability and turbulence--have been suggested

as an a l t e r n a t i v e  to the  w i n d - s h e a r  theory , but  these  do not appea r as

app licable to midlatitude sporadic-E . Also , in terms of app lication to

barium-associated E—region returns , the wide-shear theory appears the

most a t t r a c t i v e  and will he d i s c u s s e d  in Sec t ion  I I I .

Since ionograms probably provide the bulk of sporadic-E observations ,

much effort has been directed toward prov id ing an exp lanation of these

11



signatures . The interpretation of two parameters-- f
b~

S and f
~
Es__ that

are used to describe the appearance of sporadic-E echoes on ionograms , is

of particular interest. The first term 
~~b

Es , the blanketing frequency)

is used to specify the frequency of a partially transparent sporadic-E

layer , above ~~ ich the upper layers are visible and below which the upper

layers are obscured . Tile second term (f
~
Es , tile top frequency or some-

time s the critical frequency) specifies the highest frequency returned

from the layer .

These p a r a m e t e r s  can be r e l a t e d  to peak d e n s i t i e s  in tile layer if

c e r t a i n  a s s u m p t i o n s  r e g a r d i n g  tile r e f l e c t i o n  medium are made. Two models

have  been proposed (Redd y ,  1968) :

( 1) T h i n — l o v e r  model , in wh ich  g r a d i e n t  r e f l e c t i o n  f rom th in
h o r i z o n t a l l y s t r a t i f i e d  l ayers  is  r e spons ib l e  for  the  Es
trace.

(2) Patcil y— layer model , in which r e f l e c t i o n  or s c a t t e r  f rom
irregularities embedded in tile layer are responsible for
t i le  Es returns.

Each of these models and v a r i a t i o n s  of them have  been tested against obser-

vations , and each is capable of exp i-i ining certain features of Es .

The t h i n —  layer model attributes reflection to tile large electron—

den s i ty  g r a d i e n t s  t h a t  ch Li r c t er i  -Ze t i l e  v e r t i ca l  p r o f i  Ic of u-: s l a y e r s

r evea l ed  by rocke t  f l i g h t s . R e f l e c t i o n  c o e f f i c i e n t s , c a l c u l a t e d  irons Li

f u l  I—wave s o l u t i o n  of  t u e  w L I v e  eq u Li t i o n  , m d i c i t e  t h L l t  gradient r e f l e c t  ion

eLm p r o d u c e  Es returns of su f ficient strength to ise seen  on tile tvpi cal

ionogram (Reddv , H 6 8 )  . Ni 11cr and Snli til  (19 76) found , h o w e v e r , that tile

range of partial transparencY observed (di [ference between f
b
Es and I ~Es)

c a n n o t  he exp l a i n e d  by grad  ient reflection from t u e  profile s ssoc I Ited

with t i l e  p a r t i c u l a r  spor id i c — F  l i v e r .

The patch y—l a yer model features dense blobs ot ioni Zation embedded

in a back ground of lower e l e c t r o n  concentration . Tise peak dens i tv 01

these blobs  correspond to f
~
ES , t u e  n l ax imun l  f r e q u e n cy  of  t i l e  s p o r a d i c — F

ref 1 oct ion , LInd there fore sign~s is m c i  den t on them wi t i l  f r e q u e n c i e s  be low

this v a l ue i r e  t o t a l ly  ri flected . Tile blanketing frequency , f
b
L5 , on tile

o t her  hand , co r r espo n ds to  t i l e  m i n i m u m  uni form electron den sit y in the

12
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back ground . Radio waves with frequencies exceeding this value are able

to penetrate the layer and be reflected from a higher layer.

A variation of the patchy-layer model envisions small-scale irregu-

larities in the vertical electron density distribution . Energy is re-

turned from these layers as described by the scattering theory of Booker

and Gordon (1950), and Gordon (1958).

While there are sufficient theories and observations of sporadic-E

against which to test these models , existing observations of barium echoes

are not of sufficient quality to permit similar comparisons . Nev ertheless

the wind-shea r theory and the reflection models discussed above can be

used in Section III to aid in the interpretation of the data .

13
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III ANALYSIS OF PRE-STRESS AND STRESS IONOGRAM S

Observation of traces on ionograms that appear to be associated

with barium releases is not new . Such effects were probably first re-

corded by investigators from the Max-Planck Institute in tile late sixties

(Rieger et al ., 1968). Similar effects were also reported during SECED E

II and III , and mor e recen tly in the STRESS program.

During SECEDE III , conducted in Alaska during March 1969 , nine barium

releases of var iou s y ields were made , ranging from 2.4 kg to 96 kg. Al-

thougil two Ba canisters were released at different heights on each of the

first three days of the test series , these multiple releases will be

counted as a single event . Thu s , there were six events.

lonograms taken at College , Alaska showed traces that are attribut-

able to reflection or scatter from the ion cloud for three of tus e six

events . These traces , for the most part , occurred at a virtual height

of 200 km , in a g r e e m e n t  w i t h  t i le  s l a n t  r ange  to the cloud from the iono-

sonde. The echoes lasted -i few minutes and were first observed roughly
ten minutes after release . In addition , the frequency extent of the

echoes was typ icall y l ess  tuian 1 Hz except for the large 96—kg release ,

which had a frequency extent from A to 8.5 M1-~z.

Three of the events apparentl y did not produce any noticeable echoes

on ionograms , but propagation conditions or the yield of the release were

jud ged res pons ib l e  (O et z el and Chang, 1969 ; Chang ,  1971).

Durin g SECED E II , conducted in Florida in 1971 , six 48-kg barium

releases were made . Each of these produced clear ionospheric effects

and in fact on three releases the resulting E-layer was sufficiently

dense that the upper layers were blanketed . Since f
0
F2 at the tine of

blanketing was in the 4-to-5-l~fl-iz range , a lower estimate of the peak

electron concentration in the cloud 2 X 10
11 

el/m
3
. The onset of blanket-

ing occurred typicall y about 100 minutes or more after the release , and

t he  d u r a t i o n  was a few tens of minutes .

14



With t u l e  exception of the tines when the F-region was blanketed by

tile underlying Eb-layer , SECEDE II ionograms showing returns from the

b L ir i u r n  cloud Li re  quite similar. ’ In general , they have the following

characteristics: (1) The onset of barium echoes occurred abou t 2 to 10

minutes Lifter release; (2) mixed-mode echoes~ were generally the first

evidence of tile barium cloud ; (3) multi ple echoes separated by lO-t o-20

km were typ ical as the trace developed ; (4) Eb or Fb traces ± were gener-

a l ly  very thin , hut on occasion they were as much as 50 km tuiick ; (5)

retLsrdation or magnetoionic sp litting was not observed; (6) partial

blanketing of t h e  upper layers was not evident on the ionograms inspected

even prior to and following tile passage of the blanketing layer , thus

s u g g e s t i n g  Li l ay e r  of limited horizontal extent ; (7) ionograms for OLIVE

showed the virtual range decreasing LIt a rate of about 14 rn/s. This

value was consistent with radar measurements Lit 10 Mhz, which indicated

Li descent of 17 rn/s during tile first hour.

Although not L is striking L15 the SECEDE results , tu e STRESS ionograms

exhibit approximatel y th e s~ime behavior as summarized above , with the

following exceptions: (1) Theie is a hint of magnetoionic splitting near

6 Mlix , and a hint of retardation at t i l e  high—frequency end of the F—reg ion

trace in ANNE at 2338 UT ; (2) t i l e  f i r s t  e v i d e n c e  of t h e  barium echo gen-

erallv occurred later (in the lO—to-20-minute time frame) than in SECEDE;

and (3) blanketing of tile upper lLly ers was not observed for any of tise

releases .

These conclusions were ba sed on inspection of available SECEDE II lono-
grams publ islied in reports. The results , however , pertain primaril y to
OLIVE , since this is tile only event for which Li comp l e t e  set of i o n ogr i i 1 s
was a v a i l L i b l e .

Mixed—mode echoes identif y returns from a propagation path t ha t  includes
some combination of traverses between the ion cloud , t i l e  iono sp h e r e , and
the ionosonde. This indirect route leads to a longer pa th  and thus  this
tYpe of returns can be distingu ished from tu e direct path between t h e
ion cloud and the ionosonde.

*For brevity, barium-associated traces on ionograms will be designated as
Fb or Eb if they occur at F- or E—region heights , respectivel y .
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Figure 1 illustrates some of the salient features that are discussed

in this section . This figure shows ionograns taken shortl y after the

FERN release and during a particularl y interesting period when the F-region

trace developed and subsequentl y moved down to the lower S-region. FERN

was released at 2246:09 UT , with apparentl y no effect evident on ionograms

tak en .It 2247 and 2250 UT . The first evidence of the barium release oc-

curred at 2253. At this tim~ a faint trace appeared below the F-layer

trace it about 4 Mhz. The intensity and frequency extent of this trace

increased in each subsequent ionogram and by 2309 , or R + 23 mm , it was

clearl y visible. A t  this time the trace developed a “nose ’ at the low-

frequency end and showed a slight amount of frequency dependence at each

end of tile r e t u r n .

The minimum virtual heigh t of the Fb trace at 2309 was 185 km. In

the next sequence of seven ionograms , covering a time period of 23 mm ,

this trace decreased in intensit y and frequency extent while descending

to 130 km. At 2332 the Eb returns occurred prim arily between 2 and 4 M-lz,

but near 8 Mlix there was  Li hint of Fb returns at a height of 200 km.

S t a r t i n g  f r o m  2 3 3 5  t h e  Eb trace continued to descend , but its fre-

quency e x t e n t  i n c r ea s e d  u n t i l  a t  0007 U T t h e  maximum f r e q u e n c y  r e t u r n e d

was 18 Mlix .  The l iver re:Iciled a minimu m altitude o abou t 105 km at

0025 UT , and a f t e r  t h i s  t i m e  t i l e  m i n i m u m  hei ght of reflection started to

increase with time sucil t h a t  liv 0203 UT it was at a i le igi l t  of 135 km .

The above s c e n a r i o  s ugg e s t s  a number of important questions: (1)

What si gnificance can he it t ,i e lse d to the maximum frequ ency returned from

the Eb or Fb l i v e r s .  ( 2 )  W h a t  is til e nature or on gin of the  reflecting

l ivers? (3) What is the reflection or scattering m e c h a n i s m?  ( A ) Wh a t

is the cause of the echo intensit y variation with time These questions

will be addressed in the remainder of this section .

A. Nature of tile Reflection Layers

The contention that F-region traces of t i l e  t y p e  depicted in Figure 1

result from the barium ion cloud rests on the L i ssu s np t i on  t h . i t  tin s.~ t i

or i gi nate in a time and range space similar to that of tile ion clou d , inch

16 
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upon the uniqueness of these returns . That is , these signatures are not

norma l ionospheric returns , and were never observed on non—release days .

In FERN the downward migration of the reflecting layer from a virtual

he ight’~ of 200 km to 115 km over a 60-mm per iod  is taken as ev idence  t h a t

barium ions do descend to the lower E—region and are the cause of the

Eb—returns .~ The possibility of barium ions descending to the lower

E-region and forming l ivers that reflect incident radio signals has been

suggested in the past (Thome , 1971; Mende , l971a). The op inions of these

authors were based primarily on ionograms and HF radar data indicating

t ha t  ty p i c a l ly  the reflecting layer approached the observer , reached a

minimum range , and then receded f rom the observer.  W h i l e  a d e s c e n d i n g

Ba layer t h a t  r each es  Li minimu m height of approximately 110 km and sub-

sequentl y passes L 1 W L i V  f r o m  the observer would be consistent w i t h  observa-

t i o n s , an e q u a l ly  p l a u s i b l e  model is t h a t  the returns ire due to reflection

from an F -l i er enhancemen t  i nduced  by the F - r e g i o n  c loud . M o t i o n  of  this

enhancement overhead would be consistent with t he  r a n g e — t i m e  h i s t o r y  ob-

served.

A firm position on t h e s e  two mode ls  was not taken during tile SECEDE

progrLinl , app Ll rent lv because arguments could be made  in favor of either

one . We feel , h o w e v e r , t h a t  the  FERN ionogr i ls show c o n c l u s i v e l y t h a t

barium ions do d e s c e n d  to  ti l e lower  F - r e g i o n  and are the cause of the

Es return . This conclusion is further supported by ti le FPS-85 radar mea-

surements and by t h e SECEDE II da ta .

Furthermore , the development of the echo L i S  t u e  l a y e r  descends sug-

gests that the ions are compressed into t h i n  l i v e r s , w i t h a c o r r e s p o n d i n g

increase in cross section . Such behavior is consistent with that predicted

The v i r t u a l — h e i g h t  label used on ionogr ims is correct only for i vertic i 1
pro pa gLi t i on  p a t h . For of f — v e r t i c a l  p a t h s  the t e r m  r a n g e  or g r o u p  p i t i l
sboij 13 be u s e d . Our use  of t b -  t e r m  is on ly  in r e f e r e n c e  to t i l e  l ibe l
on tise ionograms and does  no t  i mp lv Li nv sped  f i c prop i got i On 1)1 tii .

The cause of radio—wave reflection is ; i e t s i , i  I lv t h e  electron s t h a t  an
dragged along by the polariz ation fields .
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by wi n d - s h e a r  t h e o r y .  Thu s , ti le Eb t race  in FERN is a g r L ip h i c  examp le

of iìow a S1)oradic-E layer is created by the compression of me ta l l i c  ion s ,
and gives support to wind shear as t i le  probable mechanism of Eb returns

or SporLidic-E .

1. ~higration of Barium Ions to the Lower E-Region

Figure 2 shows the range-time history of barium echoes observed

during FERN . This figure shows that the barium cloud , released at an

initial range of 221 km from the ionosonde , separated into two parts that

drifted toward the observer a t  different rates . One part , whi ch we sh a ll
designate the secondary cloud , approa ched til e radar at about 24 rn/s during

the first 60 mm , reached a minimum range of 105 km at R + 104 mm , and

then receded at about 11 rn/s.

RANGE AT
RELEASE

200 — 0 00 0

0
0

180 — 0 0  0 0 0 0 0  —

0 0

16 0 —

/v~~ 24 m/S

~~~140 — —

120 — —

100 — —

80 1
0 20 40 60 80 100 120 140 160 180

TIME AFTER RELEASE — mm

FIGURE 2 RANGE-TIME HISTORY OF BARIUM ECHOES FOR EVENT FERN
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The quality of the Fb returns was poor during tile first 60 mm

and considerable scatter can be seen in these range points. After R + 60

mm , however , the Fb trace became quite distinct (see Figure 1), so greater

confidence can be placed in these points . Because  of the s c a t t e r  the

early behavior of the layer causing the Fb returns is uncertain , but

based on the  known range of the cloud at release (221 km) and the range

of the lLiyer after R + 60 mm it is clear tha t this part of the cloud

also approLiched tile ionosonde , but at a slower rate .

The descent of a portion of tile FERN ion cloud into the F-region

is also supported by the  FPS-85 m e a s u r e m e n t s  shown in Figure 3. During

the first 60 mm the radar tracked a portion that began near the release

he ight and fell to 143 km. At approximatel y R + 55 mm tile radar switched

to another part (we sha l l  call this the main cloud , since it is this cloud

that later became visible) , w h i  cii at that time had dcscended to 172 Pm .

200 1

EVENT FERN
190 —

180 —

E

g l7o _ 
(tI

~/\
\

\

~ 
—

160 — 
_YI
\ —

140 I I 1
0 1 2

TIME AFTER RELEASE — hr

FIGURE 3 ALTITUDE OF ION CLOUD AS A FUNCTION OF TIME — EVENT FERN
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If we assume a uniform rate of descent for this target we find that its

descent rate over the first 60 mm is about 4 m/s , compared to 12 rn/s

for the second ary cloud . Af ter R + 60 mm , howev er , the main cloud also

showed a rapid descent until R + 100 mm , when the radar was no longer

able to track the cloud .

Before proposing a model that appears to be consistent with the

vertichirp and FPS-85 data , let us digress and consider how ions move in

a magnetic field . Above abou t 130 km , and especiall y so at greater

altitudes , collisions between barium ions are infrequent compared to the

ion gyrofrequ ency . Hence , to first-order , bar ium ions can f r e e l y move

only in the direction of tile magnetic field . When barium ions are re-

leased in sunlight at 185 km they quickly become ionized , forming a

spherical cloud . This initial shape is distorted by gravity , the ambient

electric field , and/or by the neutral winds . Because of the magnetic-

field constraint , only a northward component of the neutral wind , a west-

ward  component  of  the electric field , or g r a v i ty  is effective in causing

a vertical motion of the barium ions.

Since i t  is known from optical and radar data that only a por-

tion of t h e  FERN c loud  descended  i n to  tile F - r e g i o n , the  mechan i sm d r i v i n g

the ion cloud down the fie ld lines must also be capable •of causing this

separation . This division of the cloud can onl y be exp lained by a vertica l

w i n d  s h e a r .  If gravity is neg lected , the observed vertical motion of

12 m/s requires a neutral wind with Li n o r t h w a r d  component  of a t  l e a s t

12/sin(60) = 14 rn/s. Althoug h wind s of t h i s  magn i tude  and even l a r g e r

are known to exist L i t  til e a l t i t u d e  of  til e b a r i u m  r e l e a s e , l i t t l e  is known

abou t t h e  nature of winch shea r s  above  LI b o ut  160 km. We offer the behavior

of FERN as evidence that significant wind shears do e x i s t  L ibove 180 km.

The model that appears to be c o n s i s t e n t  w i t h  t he  ionosonde  and

FPS—85 measurements discussed above is the following: Shortl y alter

A r-ibipolar diffus ion is neglected in this discussion because it occus - s
rough 1~- equall y in both directions pa rili c i to the magnetic field . Hence ,
t f irs t ord er , it does not disp lace the cloud , taken as a whole.
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release , wind shear c a u s e d  the lower portion of the ion clou d to separite

f r om  the m a i n  c loud . Both c l o u d s  d r i f t e d  e a s t w a r d  it abou t 23 mis due to

ai~ ambient E X B f or ce (see Figure 4). The upper part of the ion c l oud

(main cloud) , which was unaffected by the neutra l wind , ilad an Lidd itiona l

downward motion due to gravity. This descent r a t e , given by the ratio of

tile acceleration of gravity to tile barium-ion collision frequency , is

Libou t 6 m/s at 180 km , LI value consistent with the imp lied descent r a t e

of 4 rn/s in Figure 3. Tile lower part , however , descended Lit a faster

rate—— 12 m/s——because of gravity p lus ~in Lid ditionL i l contribution due to

a nortilward component of the neutra l wind .

A conanon eastward motion due to E s B was postulated for both

cloud s because it is known t h L i t  t i l e  ambient electric field does not vary

with height . Figure 3 , however , indicates that t h e  s e c on d L i r y  c l o u d  shows

an Lidditional northward motion while the main cloud silows a southward

motion . The resulting horizontal component towLir d the ionosonde p lus the

ve n tic l 1 motion m d i  cat e d  by Fi gure 2 for t u e seeond irv cloud is con-

sistent with the 24-rn/s r a n g e  r a t e  shown by F i g u r e  2 .

Tu e main eloud appeLired at a constant range f r o m  the  ionosonde

a f t e r  R + 70 mi n hecLiuse its nortilwLird mot ion  due to the descent of the

i ons  down til e field lilies is compensated for liv t h e  sou thward  mot ion  of

t i l e  c l o u d  d u e  to  F X B forces (see Fi gure 3). Apparently , as the m a i n

c l o u d  s low l y d e s c e n d e d , p r i n i L i n i l y due  to gravit y , it encountered a strong

n o r t i sw a  rci n eu t  r~i I wi lid , wh i cii d i ) I S C  t u e  d e s c e n t  r a t e  shown in Fi gu r e 3 .

2 . 1 nter .icti on Between E— m d  F—R eg ion Caused by
Barium Ft -leases

The tnt e sa ction of an F — r e g i o n  h a r iu n l  c l o u d  w i t h  the  under l y i n g

E— r t g d & ’ l i  w i  s p o i n t e d  out by iiaerende I , L u s t  , LindI RI ege r (1967). These

investigators proposed t h a t  a t  F—reg ion hei gi l t s  an ion clou d driven by

an inhi m i l l  e l m e t r i  c I to ld will become po lani ~r .d because of charge sepa—

n - it ion a r I S i n g  f no~, he di f ferenee il l  mohi lit v between ci ectrons and ions .

This p ol L Ir i . t ion field w i l l  in t u r n ,  he n eutr ,Ii zed by current flow along

the equipot -i- t i l l  ouGh t ic I h e l d  lin t -s . These currents Lire csi rniecl by

-1 mm I rons d u e  to  t i l e i  i- I li gher mob lit v Li l ong tile f i e l d  lines , while down
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in the F-region , due  to high Pedersen conductivity of the ions , the hori-

zontLi l currents Lire largely carried by the ions.

Tile S i t u L l t i o n  i n  thir F—region , depicted in Figure 5 , is that

as t i l e  io n s mov e ~iwa\ from the electrons in the barium cloud t h e  p o l a r i z a -

tion fiel d created is neutrL llized by electrons arriving from the underl ying

F-region . Tue el ectrons , Oil the other hand , at the rear of the cloud f l o w

clown t u e field lines ,nd te n d to cLiuse a local increase in electron density

there. Below tile front of the  c loud  t h e r e  i s  Li local increase of positive

charges

E x p e r i m en t L i l v e r i f i c a t i o n  of tile F-region interaction of iono-

sp h e r i c  b a r i u m  r e l e a s e s  has  been attempted with some success by Stoffregen

(l)70) , althou gh his efforts m ere somewhat inconclusive due to the

0

~~~~~~~~~~~~~~~ L0UD~~~200 km 
FRONT OF CLOUD

e WITH RESPECT TOe

-~~~ —ELECTRON CURRENT — -~~~~

— ~~ MAGNETIC 
_____

— — FIELD LINES — —
IONS PILE UP

_ _ _ _ _  _ _ _ _ _ _ _ _ _  

/

0 0 k m

PEDERSEN (ion l CURRENT
E L E CTRONS

A CCUMULATE HERE

F I G U R E  5 SCHEMATIC P I C T U R E  SHOWING HOW AN F -R E G I O N  B A R I U M  CLOUD
INTERACTS WITH THE UNDERLYING E-REGION THROUGH THE

EOUIPOTENTIAL GEOMAGNETIC FIELD LINES
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p o s s i b i l ity  of a u r o~ L i l  c o n t a m i n a t i o n  in h i s  m e a s u r e m e n t s . \t LinV r i te ,

Stoffregen observed t h at within t h e  f i r s t  m i n u t e  of r e l e a s e  ph otome t r i c

m e a s u r e m e n t s  nea r t he foo t  of tile magnetic I i eld 1 inc p a s s i n g  t i ì r ou g h i t he

b a r i u m  cloud revea l a rap id bu i l du p of  5 5 7 7 — p .  e m i s s i o n s  t i l L i t r e a c h e s  Li

maximum and t h e n  d e c r eas e s  to t h e bac k ground l eve l . Tile  d u r a t i o n  of t he

e v e n t  was g e n e r L i  1 lY on ly LI f ew  t e n s  of s e c o n d s , w i t h n l ax i m u n l  in t e n S  i tv

occurring abou t 10 s Lifter tile barium r e l e a s e . A ppa r e n t l y  b e c a u s e  t h e

d e g r e e  of i n t e ra c t  ion is proport i onLi l to the peLik densi t V 01 t i i t  ion

cloud , the F—reg io n e f f e c t  rapid ly diecreLi ses as tile ion  ci oj i d  d i  I I-c ses

Hence , ohi ser vL iti on a fter tile first minute or so does not produce -neasur—

able results (Stof fregen , 1970).
A l  t i l o u g il tile SECEDE Lili d STRESS sen es utilized bar inn rd eLiSei4

with larger y ields th l L iri those repal t ed by R i m ~~~- r  et c i l1)hS~ of the  ‘Pi’

P Ianck I lis t i ti lt e , and hence m on Id he t X  l im e t ed t a p r o d u c e  lat -  ge l  and  1 on c -  r

E — r e g ion  c i f e c t s , t h e re  we re  no m ’ :p er i m e i l t s  ( o p t i c i l  O r  r uii ~~ t o  o h i s m - i v e

t h e s e  i n t e r i c t  i o n s  in ci t h i e r  t h e  Sl-TEl )1- or t h e  STRESS p r o g r a m s . Thin s ,

e x c e p t  f o r  p L i p e r s  h- . 111 - n d e  ( 1 1 l ; 0 , l I l 7 l a  , l Y 7 l b )  L i l i d I  1w L~I n d s i l o i  ( 1 9 7 1 1

w h i c h  d e s c r i b e d  t h e  p o s s i b l e  F •r1 - p i o h l  effects ol an F—region b a r i u m  re-

lease  t i l e r e  ha s  he t n  no r ec  cii t c i  f o r t  , expel - i -L e n t 1 1 m l  t i l  co re  i c i  I , on

t h e t o p i c .

The in teie- L t in E — r t -g i o n  in t e r a l  t i o n  i s  due  to i i  p a r t  i n  the

overL i  11 u n d e r s t a n d i n g  of  b i n  in- i—c lou d  d m - v e  I o i m mell t . In 1 11111 t i on , i I he

E — Lind F — rep i on crc in fLI  c t cou ~)l cdi L ic e  t i l t - r 1)\ t i l t  cpu i - a t  c ut  i - i 1 - - - - —

m L i g n e t i c  f i e l d  lines , sma ll—scale ir r l - g t i l a r i t i t -- I ( 1 - i t  L i t  - i - - ) n c e t h  i n

t he l i — r e g i o n  by tu r b u l e n c e  can he p r o j e ct e d  icit - m P- - 1: _ l e g i o l i  c l o u d  a n d

can  t b i n s  he t h e  c i i i  Se of  sm~i 11—scale -
~ t r u e  tu re iRe i d , l~ Vo 1k LI l i d

llaerenciel , 1971 L loy d i i i ~l il ie rendel , H 7 3 I

In scimma ry , we h a v e  f o u n d  on i on o gr a m s  no m y  i dc i i  cm 0 1 F — i - I L

enhancemen t p r o d u c e d  by cou p l i n g  between tile F — and  F —r egion v i i  t P pc o —

ma gne tic f i ci d l iii t S .  Tb is lack of results , howev e I , does  n o t  ui I e ou t

th ie p o ss ihi l it v t hl L l t ti l is i n t e r i e t  i on  mu -b i t h a v e  gon e i l n l l o t  i c e d  b e c a u s e

exper i ment 5 w e r e  n o t  op t  inn zed to let ect the t f ft-ct o i  E — r tg i on t -nh i i n c~- —

ment.
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B. Reflection of Radio Waves by Barium Ionization

Perhaps two of the most puzzling features of sporadmc-E returns and

indeed of ionospheric returns from barium releases Lire t u e frequency ex-

tent of the traces and the maximum frequency reflecte d . Often the

latter value is much greater t h a n  the critical frequency of tile F—layer ,

and , if converted to  Li peak electron concentration with tile formula

f = 80.1 N , it results in 3fl unrealistically iiig ii value . (f is the

criticil frequenc y of the layer in Hz , and N is t he  peak d e n s i t y  in
3e l / ni .)

For examp le , if tile 15—MH z mLlxjmum frequc-nc~ observed for Fb in

ANNE at R + 47 mi i i  is interpreted is Li critical frequency , the resulting

peak density of tile ILiv er would be 3 x io l2 
el/rn3. I f  density decays as

t — , as required liv Limbipolar diffusion along the geomLignetic field

l i n e s , an initial peak density 0! 2 K 10
14 

cl/rn
3 

would be required. This

value is Lihou t Lii i  o r d e r  of n i a g i i i t u d e  g r e a t e r  than  that generally Licce pted

for Li 48 -kg  b a r i u m  r e l e a s e  i t  185 km a l t i t u d e .

Tu e proper interpretati on of barium-associated returns seen on iono-

grams rests on knowled ge of tile physicLi l nature of the reflecting layer

and in particular on whether radi o signals are reflected or scattered

from the layers . As we shall see , a definitive answer to this question

cannot he given because the available data a p p e a r  t o  be consistent w i t h

at leList two different models.

A key p L i r a n l e t e r  in m y  d i s c u s s i o n  of r a d a r  t a rg e t  c har a c t e ri s t i c s

I S  the radar cross section (RCS) of th e tLirget. This quantity is derived

from the svstenl constLints of the r a d a r  ( a nt e n n a  g a i n , f r e q u e n cy , et c . )

a nd f r o m  m e a s u r e d  p a r a m e t e r s  ( ran g e  and received power). Unfortunatel y,
w h ile tile vertichirp does provide range measurements (virtual height as

a function of frequency), it wa s not configured to provide amp litude

information . ThUS , with the receiver set on AGC (automatic gain control)

and with no provisions made to record the AGC voltage or to calibrate tue

intensity of ti-me tonograms , it is now only possible to make a crude esti-

mate of the strength of the barium-associ ated returns .
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Laboratory measurements made L i f t e r  the comp letion of the  STRESS cx-

perients showed ti -m at tile vertichirp sounder is able to measure a signa l

l eve l  of L lp p r o x i m a t e l y  -140 dBm over the range of frequencies used . To

convert this signa l to Li m i n i m u m  radar  cross s e c t i o n  we use tile radar

e q u a t i o n

2 2
P C X KLa

3 4
(4m) R

whiere

= R e c e i v e d  s igna l strength

= T r an s m i t  power (8 watts)

C = A n t e n n a  ga in  ( 3  dB)

= Wavelength (30 m at 10 b’fflz)

— K = ~bodu lLItion fLictor (—13.5 dB)

L = Two-way a b s o r p t i o n  and o t h e r  losses ( — 3  dB)

= R a d a r  cr oss s e c t i on (R CS)

R = Range of the target (200 km).

Sever i 1 of the numbers in the above l i s t , ti -me antenna gain , the D-region

absorption and other losses , and the  m e a s u r e d  s i g n a l  s t r e n g th  a re  not

known , L m nd e s t i m a t e s  w e r e  made .  The modulation fLictor , K , results from

gain weighting used in the transmitter and receiver , and from tu e duty

cycle of tile trLinsmitted sig nL ml . Thus , a t  a frequency of 10 l-Ulz the

RCS of the barium cloud is

~(dB 
2) = PR (dBm) + 187 dB

Using the laboratory measurement of -140 dBm for we conclude tha t

under  idea l cond i t ions  the v e r t i c h ir p  should  be able to detect the cloud

if it has an RCS of :mt least 47 dB relative to 1 m
2
, or 5 X l0~ m

2
.

Measurements  of ba r ium-c loud  radar cross  sec t ion  in the 5—t o— l0-l~f lI z

range during SECEDE II and III indicate tha t the cross section of LI

typ ical 48-kg cloud reaches a peak of abou t 106 m
2 

sh ortly L i f t e r  r e l ease
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and decays to about ~~ m
2 

in abou t 10 to 15 n-u n. The RCS is not well

behav ed , and 5-to-lO-dB excursions in Li one-minute per iod can occur.

Never thele s s , du r ing  ti -me f i r s t  10 mm following release , 2 to 3 X 10~ m
2

appears to be Li representative RCS . Late-time data wi-men the ion clou d

is fully striated apparent ly do not exist , but in view of the strength

of th e I L u t e - t i m e  echoes seen in E v e n t  ANN E , the RCS mus t  reniain  above

l0~ m for tens of minutes .

Cross s ec t i ons  fo r  the layers causing t i m e  F— r e g i o n  r e t u r n s a re  no t

a va i l a b l e , but  based on t h e i r  L i p p e L i r L m n c e  on ti - me i onograms  we e s t i m a t e

t h a t  t h e  r e c e i v e d  s i g n a l  power is c omparab le  fo r  echoes from bot h F — and

F - r e g i o n s .  Because  of t i - m e  r ange  d e p e n d e n c e  in ti -m e r a d a r  e q u a t i o n , how-

ever , ti -me RCS of t i le  l a y e r  a t  100 km can be a factor of 16 less  than  the

R CS of a l iv e r  ~m t  200 km and s t i l l  have  the  same r e c e i v e d  p o w e r .  Thus ,

t i - me m i n i m u m  d e t e c t a b l e  c ross  s e c t i o n  a t  100 km is LIbout 3 X 10~ m .

B e f o r e  we L m d l d r e s i - i  t h e  question of ti -me reflection mechanism to be

a s s o c iat ed  w i t h  t h e  F— reg i on returns me f i r s t  note some of their char-

acteristics:

(I) Ti-m e first evidence of b a r i u m  echoes  o c c u r s  some t in - me L i f t e r
r e l e i  Se . l )u r i n g  SECEI)E II iiariun i echoes were ob se r v e d
Llbout 2 to 10 miii 1 f t e r  r e l e L i s e .  D u r i n g  STRESS , ec hoes
occurred in t he I O — t o — 2 O — m i  n t i m e  f rL mrne .

( 2 )  Ti -me f i r s t  ech oes  obse rved  were  e i t h e r  d i r e c t  or Lii
node  echot-s .

(3) Re t L i r d L m t  ion or m L m g n e t o  i o n i  c sp l i t t i n g  W a S pt - n e I l  1 lv not
e v i d e n t  on b a r i u m  r e t u r n s .  f i l e  t r i c es  w e r e  t v p i e m i l y
v e r y  t h i n  m d  show l i t t l e  or no r a n g e  d e p e n d e n c e  wi  th
f r e q u e n c y .

( -~) Wi - men t i - me eclioe s m e r e  f i r s t  o b s e r v e d  th cv t ended  to be
w e i k  , hut  t hey t v p i c i  liv il -i c r e L l s e d  in  intensit y with tile
passage  o f t in t .

Fro m t h e s e  o b s e r v a t i o n s  we c o n clu d e  t hat  the r e t u r n s  ism -r e  no t due

to o v e rd e n s e  or t o t a l  r e f l e c t i o n .  -ri - me r e asons  i r e  is  f o l  lows : HF r L l d a r

m e a s u r e m e n t s  si-mow t i -m a t m a x i m u m  cross  s e c t i o n  occurs  i few minutes after

relc-a Sc . Hence , if overdcnse reflec t ion was r e s p o n s i b l e  f or  the  Fb t r a c e s

the strongest returns would occur one or tw o  n l i l u u t e s  a l t e r  r e l e a s e , with

intensit y decreasing wit h time. The opposite trend is observed .
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Gradient reflection and Scatterin g , eith e r I ron ~b~- n s e  b lobs  or w e a k

i r r e g ulL i r i t i e s  , i r e  two mec i l an i sms  of  t en  p i o p ~m 5 m -~ l t o  t X ) ’  l u l l  s p o r ad i  c — F

ec h oes . In L i p p l y i n g t h e s e  models to  b a r i u m  e t h o m s -~ e I m d  t h i t  5 1  g n i l

i n t e n s i ty  does not p e rm i t  a c leat -  cho ice , Stil ce b~ t h i i -im - c l ~aiu SILt S c m  h - i d

to  r e t u r n e d  s i g n a l s  w i t h  c o m p L m r a b l e  r L i d L i r  c i o s s  st - c t  on

In t e r m s  of si guLl 1 ch :mrL I  c t e r  i sties we e xp e c t  : i . i  i i  t i - m t  re I 1~ et  ion to

result in t h in , d i s c r e t e  echoes  , w h er e i  s s c . u  t t e i  1 ng sPoil 1(1 h ~L i t h  t o  d i f f u s e d

r e t u r n s  thL i t m~m v  a t  t i mes h a v e  a pp r e  c iLm i - ) Ic r .i  n ge ii tip th . Si nec e x a m p l e s

of both t y p e s  of echoes  C L I f l  be found  in t h e  t h i t a  , a c l e a r  c b i ~ i c e  b e t w e e n

the  t w o  m o d e l s  c L m n n o t  he ma de.

Th us  we cone hide t i l L i t  g r a d i  ent r e f l e c t i o n  Lind s c a t t e r  i r e  v i L i h i  e

m e c h a n i s m s  f o r  t i l e  O i l  g in  of Fb echoes . h i e c L i u s e  01 t h e  l a r g e  m i n i m u m

d e t e c t a b l e  R CS (5 l0~ m~~ of t i l e  v e r t i ch i r p ,  t h e  r e l e L i s e  ant i  i n i t i a l

deve lopnient of t i l t s b L i r i u m  e l OU d h i S  r iot vi si hie t o  t h e  ion o son de . On lv

whlen  t h e  cI  oudi h i L l s  e x p a n d e d  a n t h  pe r i l a  ps formed sheets of su f l i  ci ent  crass

Se c t i o n  ~i t  t i l e  c o r r e c t  o r i e n t u t  i o n  to  t h e  io n o s o n de  i s  t i - m e  c l o u d  dete~ ted .

Ti -me ion c l o u d  i s  h i  g h i l v  L is p t - c t — s e n s i t i v e  and L i t  t i nt -s  Li c i i  :-: m - d — m o d e  ec i lo

is oho ~ - r v e ~I b e c a u s e  its p L m t lm presents .m l i r p e r cross section than t h e

dirt -ct ‘ i t i l .

The  c h i L i  r L i c t  e n s  t cs of tile F — r eg  I on eciloes oh s ~rV ’~~d d u r i n g  FERN L I c e

q u i t e  s i : i i  l a r  to t1io~ t sunimari ced fot -  t i l t  Pb n t - t u r n s  \ K i t i l  th e follow ing

Lididi I I i o n s :

(1) H l i n k e t i l l g  of  t i l e  up p e r  i i  er s  m i s  no t  o b s e r v e d  Ian Lm nV
o f  tue SFb ~ESS rele ases . B lLm nket in g occurr edi on t h r e e  of
the six re l eis t -s in SECEDi- II.

(2) b- PE N si-mowed a clear descent of t i l e  e c h o i n g  l L i y e i I r on
t i l e  F — r m -g i o n  to t i l e  lower  I - — r e g i o n . r i - m i s  t r a c e  s t i r t e d
u 5  Li weak  r e t u r n  b u t  l a te r  hec m nit vt - n v  j n t e n s t - .

Pd tnke ting was not observed  d i u r u  i -m g l :b ;RN , p o s s ib l y b e c a u s e  t i - me l i v e r

densi ty was too low , or because  t h i t - l i v e r  d id  not  pass  d~ r m c t  l~ overi leath .

The l L m v t L r ‘s peak density is not wel 1 known , h u t  t i l e  SECEDE I I  res im i t s

sugg est ti l m t  3 i io 11 
m
2 (5 ~lliz criticL i l frequency ) is possible evei-m 100

mm Li fter r e l e a s e . S i n c e  t i l e  lLick of partIal blanketing for any t-ven t

imp l ie s  - i rather limited h o r i z o n t a l  e x t e n t  f o r  t i - me  Rb layer we conclude
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ti-m at the peak density region of ti-me FERN Eb layer probabl y did not pass

over the ionosonde.

The strength of ti-me FERN Eb returns and their time characteristics

suggest that ti -me returns are due to thin layers witi i high gradients . Ti-me

underside of these livers , however , c L m n n o t he smooth ; i f  tb lev were , re—

turns would not be possible unless these l ivers were directl y ov erhead .

The best model for ti-me Rb lLlyers seems to be Li  t h i n , rou gh l a y e r  w i th

h i g h grL i dh d n t s .
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IV CONCUJSIONS

Analysis of ionograms obtained during the Pre-STRESS and STRESS

program in concert with other pertinent data and sporadic-E theories

yield the following observations and conc lusions:

(1) Characteristics of barium-assoc iated ionosonde traces

(a) F-region echoes (Fb echoes)

• Evidence of barium cloud first occurs some time after —

release. During SECEDE II , barium echoes were observed
abou t 2 to 10 mm after release. During STRESS , echoes
occurred in the l0-to-20-min t ime frame .

• [he f i r s t  echoes observed were either direct or mixed-
mode echoes.

(b) E-region echoes (Eb echoes)

• FERN si-m owed a clear descent of the echoing layer  f rom
the F-region to the lower E-regiott . This E-regiori
t r a c t -  su b s e q u e n t l y  became very  incense , rea ched a
minimu m range of 105 kin , receded , and then faded out.

• B ’anketing of t u e uppe r layers wa s not observed during
any of the STRESS releases. Blanketing occurred on
three of the six SECEDE II releases.

(c) E- and F-region echoes

• RetardL ition and magnetoionic splitting were generally
not observed. The trice s were typ ical1 y very thin and
showed little tlr no range dependence with-i frequency.

• When the echoes are first observed they tend to be
weak , hu t  t i - icy t y p i c a l l y increLl se  in i n t e n s i t y  w i t h
time .

(2) Nature of the layers responsible for the barium-associated return s

(a) The direct and mixed-mode returns in the F-region originated
from the barium it -mn cloud .

(h) Mixed-mode echoes are due to the aspect-sensitive nature
of the ion cloud.

(c) In the E-region the returns are from layers of barium ions
tha t separate from.the main cloud and descend to the E-
region through the combined action of gravity , a northern
component of the n e u t r a l wind , an d(or  a westward component
of  the e l e ct r i c  f i e l d .
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(d) Once the barium ions descend to the E-region they are
compressed into thin layers , with a corresponding increase
in cross section .

(3) Reflection or scattering mechanism responsible for the echoes

(a) The nature of the reflection layer can be best described
as a thin layer of barium ions with sharp upper and lower
boundaries.

(b) Gradient reflection is the most likely mechanism , but
other possibilities such as scattering from weak ir-
regularities or from dense blobs cannot be ruled out.

(c) Reflection is not specular , so maximum frequency observed
for the layer cannot be interpreted as a critical or a
maximum p lasma frequency.

(4) Coupling of E- and F-Region . E-region interactions with the
F-region clou d through electrod ynamic coup l ing via the equi-
potentia l field lines are not supported by the da ta.
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A p p e n d i x  A

IONOSPHERIC DATA

l’he l T L m r r \ -  R e s e L m r c h  V 1S— 1 Ver t ich i r p  sounder  t h a t  wri s f i e l d e d  in

s u p p o r t  of the STRESS e x p e r i m e n t s  is a f r e q u e n cy — m o d u l a t e d  FM ( c h i r p)

radar des i Cn&-d t O  per fo rm vertical — i n c i d e n c e  i o no sp hi- r ic s o u n d i n g s  . the

sounder h I L l S  a f r e q u e n c y range  from 0.5 to T i )  MHz and LI v i r t u m l — h e i g i m t

range of 0 to 1000 km. A sing le—wire del t~m antenna was used  f ’ r  t r ‘u s  -

mit ting and rece iv ing. -- TrLlnsmi t ted power WLI s I WLI t t s L m v e r m g t -  , mmd S

w a t t s  peLm k. V~m r iou S sweep to rmL m t S Lm n cl o th i - r  opera  t i O U L I  1 p m  r L i l i t - t t -r s in

be chosen to s u i t  any l i k e  ly ionos phi- t i c  e ’nd it ions , htm l in i L e n e r - m  I , the

sounder  s’ u s  tm pe r a t e d  ii sing the fo 1 l i-mw ing pa r uin ~ - t i’ rs

• L i near  ss’& - ep  r a t e - -  ~‘()  k H z / s

• Lower frequenc v limit — — 0 . 5 Nit z

• t~ p~-m~~r f r e q u e n c y  l i m i t  1 0 , 1 ‘5 , or 21) MHz , di- pt -nd i ng on the ext (fl t
of the b Lm r imi m returns

• h our  lv  op e r a  t ion e xc e p t  on re 1e~m se d ay s  when  tim e soundi- r was in
con t inuous opera t ion

Ti m e vertical ionosonde w is l o c m t t - d i t  Eg lin S i t -  C—I ’ a dj a cm -nt t o

the Ti-chno logy l n t e r n L i  t ion i I C o r p o r i t ion pho I ‘g r i p im ic S i t e  L m fld  the TV—

t r a c k  s i t e .  The eq u i p m e n t  s i m m r - d  t i m e  I’\ - t r L l c k  vLin .

During I’r e— S T R E S S  t ime  v t - r i  i c h i r p  s I L i  rted operLi t ion on 2’~ November

I t 2 i 14 l’F m d  provided c i ’ve ri ge of t h e  ANN E r i -  l e a s e  i -m n 1 D e c e m b e r  q 6

l’he equ ipment was shu t down L I f t e r  t i m e  compl etion of this sing l e  P re—

STRESS t e s t , and r e s u med  ‘pero t i o n  or -i 20 Feh rmiu rv 1977 Lit 2 11 6 iT for

-- S ince a broadband de l i i  v m s  not used , s~’s t ern sens  i t iv i t  v was probah -il y
degraded at l i-mW frequenc l u -s . Cons t r i i c  t 1mm of m broLidhand de l t LI L i n t  enna
by range support was requested in tim e c ont r L I c  t hut was not accomp lished
l’hiii s , w i t h  t lie limited per soon , -  I and (-qti i pmen t that Was ava i i  ab l e  on
s i t e  m simp ler L i n t e n n L m  wis erected .
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the  STRESS expe r imen t s .  From th i s  t ime the ionosonde opera ted  on an

hourl y schedule until the completion of the last STRESS release on

14 March 1977 . On release days , as summarized in Table  A - i , the norma l

hourl y schedule was changed to a continuous mode , which typicall y produced

a new ionogr am every 3 m i n u t e s .

Table  A - i

SU MMARY OF PRE-STRESS AND STRESS RELEASES

Release Time Date
Event (UT) (UT)

ANNE 231 1:42 1 December 1976

BETTY 2 3 5 2 :2 7  26 February 1977

CAROLYN 2352 :10 .5 2 March 1977

DIANNE 0001: 08 8 March 19 77

ESTHER 2301:08.8 13 March 1977

FERN 2246 :08.8 14 March  1977

A concise summary of the ionospheric conditions on the six barium

release days is given by the f-p lots presented in Figures A- i through

A-6. The critical frequencies shown for the E- and F-layers were scaled

from the ionograms . The uncertainty in reading the critical frequencies

is abou t ±0.1  MHz when the l aye r s  are w e l l  d e f i n e d . G e n e r a l l y ,  accu r a c i e s -

are within about ±0.2 MHz.

tonograms for the barium releases that produced ionospheric echoes

Lire shown in Figures A-7 through A-Il. In Figure A -7 , Fb ech oes are

pLm rti cular l y strong and had a maximum frequency of 15 MHz at 2359 UT

(R -
~
- 47 .3 mm ). Several spurious returns can be seen . These occurred

below about 140 km and are identified as spurious because they show no

range vLmr iat ion with -i time and because  they  occurred  d u r i n g  laboratory

tes t s  u s i n g  known s i g n a l s . Four such spur iou s r e t u r n s  can be seen at

2 153  UT in Fi gure A-7. One started a t  10 MHz at 100 km , with a syinmetri-

c m l  p a i r  L lb ou t t h i s  r ange  s t a r t i n g  at  15 MH z . The strong trace at 130 km

extending from 2 to 9 MHz is also believed to be equi pment-related . Thu s,

a l l  of t h e  F - r e g i o n  t r aces  i n  ANN E art - believed to be equ ipment-related .
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The ANNE Fb t race  a t  2338 UT apparen t l y shows a s l ight amount of
retardation at the high-frequency end of the trace. In addition , magneto-

ionic s p l i t t i n g  is appa ren t l y present  near  6 and 7 MHz . This frequency

(f Fb = 6.8 MHz) can be converted in to  a peak dens i ty  of 6 )< 10~~ e l/ r n 3
,

which is abou t an order of magn i tude  less than the peak dens i ty  measured

by the FPS-85 at R ± 47.3 m m .  If we convert the maximum frequency

observed at this time (12 .5 MHz) to a peak density the value obtained

is about 2 X 10
12 

el/rn
3
, which is about a factor of 3 less than the

FPS-85 measurements. In view of the quality of the Fb trace and the

q u e s t i o n a b l e  i n t e r p r e t a t i o n  of the c r i t i c a l  f requenc ies , however , these

values cannot he considered very reliable and any agreement may be

f o r t u i t o u s .  The c a l c u l a t i o n s  i l l u s t r a t e  the v a l u e s  one would obtain

when the barium cloud is treated as a thick slab with a well defined

peak e l e c t r o n  c o n c e n t r a t i o n .

lonograms for CAROLYN are shown in Figure A- 8. There is no evidence

of .mny Eb returns , but a weak , direct Fb trace can be seen at 0012 and

is v i s i b l e  u n t i l  0024 UT between 5 and 10 MHz at LI virtual height of

approximate ly 200 km.

Similar weak F-region returns (Fh) are a l s o  ev iden t  in the  DIANNE

ionograms presented in Figure A- 9. The echo is first seen at 0046 UT

and is visible until 0114 UT Lit a virtual heigh t of 200 km. Weak mixed-

mode echoes are Lmpparen t lv present at 0024 UT.

In ESTHER a n a t u r L i l sp o r a d ic -E  l a y e r  can he seen in the first iono-

gram in Figure A- b and is visible throughout the sequence . (There i -~
no question of the origin of this trace because this layer is present

prior to the release of ESTHER at 2301 UT.) Although the cloud is

d e f i n i t e l y  p resen t  a t  2319 U T between 4 and 10 MHz , t he re  is evidence

of i mixed-mode  echo o c c u r r i n g  e a r l  icr a t  2305 UT and also in the following

two ionograms . Mixed-mode returns are Lmls o L m p p L i r e n t  in Figure A- 10 at

0005 to 0012 U T .

Both E- and F-region returns from the barium cloud were observed

in FERN . Unlike the Eb returns in ESTHER, the Eb returns in FERN show

c l ea r  range v a r i a t i o n  wi th  time as would be expec ted  f rom a l aye r
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drifting toward the ionosonde and passing overhead . In ,-~ddition the

sequence of ionograms be tween 2253 and 2355 UT clearly shows tha t the Eb

layer originated from the barium cloud . Thus , it is clear tha t the Eb-

t r ace in FERN is barium-cloud-related .

The E b - l a v e r  gas sed overhead a t  approx i m a t e ly  002 5 U~’ ( m i n i m u m  he igh t

of lOt-  k m )  and was lj ~~t seen a t  0220 UT a t  a height of 135 km. There a re

h i n t s  1 f  t he  Fb t r ace  at  ap p r o x i m a t e l y 135 km for the next 13 hours.

EquaiJ v su~~zest ive ~f this layer is that on occasion mixed-mode F-regi~in

returns can he seen (see ionograms at 0600, Ot-20, and 074 0). F i n a l ~~v ,

L i t  1520 UT (0920 LT) -i strong return can be seen at 135 km extending

between 3 and 10 MHz . Although these late returns cannot be cone  l u s i ~

r e l a ted to t h e  b a r i u m  r e l e a s e , we b e l i e v e  t h a t  the r i c e  i t  1520 U T i s

cloud-rel ated .
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59 



Appendix B

MAGNETOMETER RESt’ LTS DURING STRESS

SRI operated an EDA three-axis fluxgate magnetometer during the

STRESS program to provide a real-time monitor of the geomagnetic field .

Thu- - instrument , a h i g h ly  r e l i a b l e  solid-state unit , was operated con-

t inuousl y for the duration of the STRESS test. The outpu t of the instru-

men t was recorded on strip charts that were scanned for the presence of

any ur.usual disturbance such as a sudden magnetic commencement. None

were observed.

A summary of the magnetometer dLlta collected is presented in Figure

B-l. The magnetic index represents a 3-hour averLige of t he d a t a . The

index ranges from 0 to 10 , with 0 indicating v e ry  q u i e t  c o n d i t i o n s  and

10 very disturbed . As can be seen in the figure the STRESS releases

were conducted during a relativel y inactive period when the magnetic

index never exceeded 5.

The occurrence of the five STRESS releases is indicated in Fi gure

B-l. Evidently magnetic activity was most active for ESTHE R and the

l eas t  ac t ive  f o r  BETTY AND FERN .
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